B
acterial flagella are dynamic, not only because they rotate and reverse, but also because some of their components exchange on a short time scale. In PNAS, Delalez et al. (1) show that signal-dependent turnover of FliM subunits in the motor-switch complex may be part of the chemotaxis response in Escherichia coli.
E. coli swims in a 3D random walk in which "runs" of several seconds are punctuated by brief, reorienting "tumbles." Chemotaxis occurs when cells extend their runs up attractant gradients or down repellent gradients.
The flagellar motor was the first biological rotary device discovered (2) . Flagella spin at several hundred to >1,000 revolutions per second in different bacteria. In E. coli, counterclockwise (CCW) flagellar rotation causes runs, and clockwise (CW) flagellar rotation causes tumbles. The default direction is CCW. CW rotation ensues when phosphorylated CheY (CheY-P) binds to the motor. CheY is phosphorylated at the chemoreceptor patch, and its dephosphorylation is accelerated by the CheZ phosphatase. When attractants bind to receptors, they inhibit the activity of the CheY kinase (CheA), thereby lowering CheY-P levels.
The motor contains two structural elements: stator and rotor (Fig. 1A) . The L and P rings serve as a bushing for the rotating rod in the cell envelope. The stator includes up to 11 (3) MotA 4 MotB 2 complexes (4) that anchor to the cell wall (5); they undergo proton-driven conformational changes to drive flagellar rotation (6) .
The rotor includes a cytoplasmic structure known as the C ring, which contains ≈26 FliG proteins, ≈34 FliM proteins (7), and ≥100 FliN proteins (8) . It is connected to the rod via the MS ring. The distal end of the rod is attached to the helical flagellar filament via a flexible hook. Filament growth decreases with length, and a broken filament can regenerate. Unfolded flagellin subunits diffuse through the hollow center of the filament and assemble at its distal tip (9) . Filaments extend several cell lengths and are quite fragile; their dynamic nature is necessary.
Each flagellar motor functions for the lifetime of its cell. Mot complexes can assemble around preexisting rotors (10) , and introduction of each Mot complex increases the rotational velocity of a tethered cell (Fig. 1B) . The high torque required to turn a flagellum under heavy load (11) requires that Mot complexes attach firmly to the cell wall.
Despite its anchoring, the stator is surprisingly dynamic (12) . Fluorescence recovery after photobleaching (FRAP) showed that individual Mot complexes have a half-life of ≈30 s in an E. coli motor. Detached Mot complexes diffuse freely in the cell membrane, and their H + -conducting channels are plugged by a short, amphipathic helix (13) . Pom complexes, the Mot equivalents in Na + -driven motors, assemble in a Na + -dependent fashion (14) . In Shewanella oneidensis, a single rotor can be driven by proton-conducting Mot complexes or Na + -conducting Pom complexes (15) . This ability to exchange stator elements probably arose by transfer of mot genes when a marine bacterium with a Na + -driven motor became isolated in a freshwater habitat.
Recent FRAP studies (16) Cells expressing YFP-labeled FliM (FliMYPet) are chemotactic. Fluorescencedecay curves allow a calculation of 30 ± 6 FliM-YPet molecules at the base of each tethered flagellum, a value that agrees with prior estimates of the number of copies of FliM per C ring (7) .
The distribution of FliM within immobilized whole cells was also assessed. Extrapolation from the fluorescent spots in TIRF images indicates that there are ≈24 FliM-YPet spots per cell. Of these spots, 40% have ≈32 FliM-YPet molecules, the same number as in tethered motors. The remaining 60% form a unimodal population with ≈18 FliM-YPet molecules.
E. coli cells typically have four to eight flagella, some of which are presumably still being assembled. The function of the spots with ≈18 copies of FliM-YPet is unknown. The sum of FliM-YPet molecules in all spots is ≈600. An equal number of FliM-YPet proteins diffuse freely within the cells, providing a pool of replacement parts.
Reciprocal FRAP and FLIP measurements show that FliM turnover is complete within 10 min and occurs only in intact C rings. Approximately two thirds of the FliM-YPet molecules in C rings turn over, with a half-life of ≈40 s. This ratio may reflect two different populations of FliM that have been described (17) One of the most notable properties of the E. coli flagellar motor is its high degree of cooperativity (19) . One model to explain this cooperativity envisions FliM subunits acting like a dynamic circle of "dominos" (20) . If a few tip in the CW direction after binding CheY-P, the whole ring goes CW (Fig. 1C) .
The work of Delalez et al. (1) suggests an alternative model. An intact C ring, with all FliM subunits in place, may rotate CCW. The nonexchanging population of FliM might stabilize the C ring; fliM knockout mutants fail to assemble flagella (21). CheY-P binding could destabilize the peripheral array of FliM subunits, which are in ≈1:1 stoichiometry with FliG. FliG would then assume the conformation needed to generate CW rotation (Fig. 1D) .
Parts exchange in the stator and rotor may just be routine maintenance, and the aggregates of 18 FliM molecules could be storage devices rather than assembly intermediates. The authors are suitably cautious about speculating whether FliM turnover is involved in the switch function of the C ring, emphasizing that the exchange of FliM subunits could be either a cause or effect of motor reversal.
FliM turnover could be affected by fliG, fliM, and fliN switch mutations (21) , by the absence of Mot complexes, and by addition of attractants and repellents. Fluorescence resonance energy transfer (FRET) between FliM-YPet and motor proteins with suitable fluorescent tags may be able to track movements of rotor components. Colocalization studies with fluorescently tagged proteins could identify FliM's neighbors in the 18-subunit spots. Further studies of this type will undoubtedly lead to exciting new revelations about the inner workings of the elegant molecular machinery of the flagellar motor.
